Inrotduction
Application of magnetic field is one of effective methods for controlling the microstructure of alloys and compounds. The magnetic field is especially effective at controlling microstructures in alloys with a ferromagnetic matrix or precipitate. Such examples can be found in martensitic transformation 1, 2) in some iron-based alloys, precipitation of nitride in Fe-N alloys, 3, 4) disorder-order transformations in Co-Pt alloys 5) and Fe-Pd alloys, [6] [7] [8] recrystallization in Fe-35Co alloys, 9) and grain growth in Fe-Si alloys. 10) From an engineering point of view, the effect of the magnetic field is especially important in phase transformations in steels. It has been reported based on thermodynamic considerations that the application of a magnetic field significantly affects the phase diagrams of the binary Fe-C system 11, 12) and Fe-Fe 3 C system. 13) In addition, the influence of the magnetic field on the morphologies of various phases such as proeutectoid ferrite, [14] [15] [16] pearlite 17, 18) and proeutectoid cementite 19, 20) has been investigated. However, the influence of the magnetic field on the formation of cementite is not yet well understood, although cementite is the most important carbide in Fe-C alloys.
Among various formation processes of cementite, the simplest one would be the precipitation of cementite from the ferrite phase in a carbon-supersaturated Fe-C alloy. The present study is motivated to clarify the influence of magnetic fields on this process.
Cementite has an orthorhombic crystal structure with Pnma space group. 21, 22) The lattice parameters are a =
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KEY WORDS: iron-carbon alloys; texture control; magnetic anisotropy; shape anisotropy. 0.5090, b = 0.6744, and c = 0.4525 nm. 21) Twelve variants of cementite are naturally introduced when it forms in a ferrite matrix with cubic structure. We label them V1 to V12. The orientation relationships between the ferrite (α) and the twelve variants of cementite (θ) are shown in Table  1 . The shape of cementite precipitated in ferrite matrix is plate-like. 23) Each plate is elongated in the [100] θ direction and consists of fine needles as shown in Fig. 1(a) . Cementite is ferromagnetic up to its Curie temperature (T c ) of 484 K, and the easy axis of magnetization is the c-axis ([001] θ ). 24) Because of the shape and magnetocrystalline anisotropy of cementite, we may expect that the fraction of the twelve variants will be influenced by the application of a magnetic field. If the shape anisotropy plays an essential role, the variants with their long axes aligned in the field direction will be formed preferentially compared to other variants. Otherwise, if the magnetocrystalline anisotropy plays an essential role, the variants with their easy axes aligned in the field direction will be formed preferentially.
Precipitation of Cementite from Carbon-supersaturated Ferrite
In the present study, we employed an Fe-0.01 mass% C alloy to clarify the influence of the magnetic field on the precipitation of cementite. An ingot of the Fe-0.01 mass% C alloy was prepared by arc melting and hot-rolled at 1 473 K to produce several rods. The rods were heat-treated at 1 273 K for 24 h for homogenization. The rods were then elongated by 3% and subjected to strain-annealing at 1 073 K as indicated in Fig. 2 to obtain single crystals of the ferrite (α-phase). Two single crystals (Specimen-I, Specimen-II) of the α-phase were cut from the rods. Specimen-I has three edges parallel to the [111] α , [112] α , and [1 10] α directions; we apply magnetic field in the [111] α direction, which is parallel to the elongated direction of cementite for several variants (V1, V2 and V3 in Table 1 ). Specimen-II has three edges parallel to [110] α , [1 10] α , and [100] α directions; we apply magnetic field in the [110] α direction, which is parallel to the easy axis of cementite for several variants (V4 and V10 in Table 1 ). The size of the two specimens was 5 × 3 × 1 mm. The two specimens were solution heat-treated at 1 073 K for 2 h, and then quenched in ice water. The precipitation of cementite under magnetic fields of 0 T and 7 T was done during a heat-treatment at 473 K, which is 11 K below the Curie temperature (T c = 484 K) of cementite as shown in Fig. 2 . The heating and the cooling rates were both 10 K/min, and the holding time was approximately 24 h. The microstructure of the heat-treated specimens was observed from on the (1 10) α of Specimen-I and the (001) α of Specimen-II using a scanning electron microscope (SEM).
As cementite has an elongated plate-like shape and its habit plane is {110} α , 25, 26) each plate appears as a line segment (trace) with a definite orientation in the SEM images. The direction of the trace depends on variant. It is one of the three directions (A, B, C) in Fig. 1(b) when observed on the (1 10) α plane, and one of the four directions (D, E, F, G) in Fig. 1 (c) when observed on the (001) α plane. The correspondence between the trace directions and the variants are summarized in Table 1 . In the table, the angle between the field direction and elongated axis (θ 1 ) and that between field direction and the easy axis (θ 2 ) are also shown. By counting the number of particles having each trace (A to G in Fig. 1 ), we will be able to understand the influence of shape anisotropy and magnetocrystalline anisotropy on precipitation of cementite. Figures 3(a) and 4(a) show representative SEM images Table 1 . Orientation relationship between 12 variants of cementite (θ) and ferrite (α). And the angle between the long axis of cementite and the field direction (θ1), and that between the easy axis of cementite and field direction (θ2) for the 12 variants. A to G are marks used to indicate the orientation of traces ( Fig. 1) . of Specimen-I and Specimen-II, respectively, taken after the precipitation heat-treatment in the absence of a magnetic field. The gray matrix is ferrite (α-phase), and the white elongated particles are cementite. Most of the traces of cementite in Specimen-I are aligned in three directions as indicated by A, B, and C. Those in Specimen-II are aligned in four directions as indicated by D, E, F, and G.
Results and Discussions
Figures 3(b) and 4(b) show representative SEM images of Specimen-I and Specimen-II, respectively. They are taken after the precipitation heat-treatment under a magnetic field of 7 T. In both specimens, the direction of the trace of the cementite is the same as that formed in the absence of a magnetic field. However, we notice that the amount of precipitate obviously changes after the application of a magnetic field. In Specimen-I, the precipitate with trace B decreases, and in Specimen-II, the precipitate with trace E decreases, whereas that with trace G increases. In order to make a quantitative analysis, we counted the number of precipitates in 24 photographs for each condition, and the average number of particles of cementite with different traces in Specimen-I and Specimen-II are summarized in Figs. 4(c) and 4(d), respectively. The error bars in these figures indicate the standard deviation, and the values within the bracket indicate the fraction (in %) of particles having each trace. In Specimen-I, the fraction of precipitate with trace B changes from 41% to 27% when a magnetic field is applied. In Specimen-II, the fraction of precipitate with trace E changes from 25% to 13%, while the fraction of precipitate with trace G changes from 23% to 35% when a magnetic field is applied. Considering the standard deviation, we may regard these changes as significant. This implies that variants selection occurs by the application of magnetic field. Now we discuss the reason why the fraction of the precipitate changes when a magnetic field is applied. We first consider the influence of magnetic shape anisotropy and then the influence of magnetocrystalline anisotropy. As shown in Fig. 1 , cementite is elongated in the [100] θ direction. Therefore, there arises shape magnetic anisotropy. The angle θ 1 in Table 1 is the angle between the elongated axis of cementite and the field direction (H) (see Fig. 1(a) ). The shape anisotropy energy increases as θ 1 increases for 0° ≤ θ 1 ≤ 90°. When the magnetic field is applied in the [111] α direction, the shape anisotropy energy of the V1, V2, and V3 variants is lower than the other variants. Therefore, if the magnetic shape anisotropy were essential for variant selection, the fraction of the V1, V2, and V3 variants would have increased by the application of a magnetic field, and this would have resulted in the increase in the fraction of particles with trace B. This contradicts experimental results, meaning that shape magnetic anisotropy is not essential for variant selection. We also confirm this interpretation as describe below. When the magnetic field is applied in the [110] α direction, the V1, V2, V3, V7, V8, and V9 variants have lower shape anisotropy energy than other variants. If the magnetic shape anisotropy were essential for variant selection, the fraction of the V1, V2, V3, V7, V8, and V9 variants would have increased by the application of a magnetic field. This would have resulted in an increase in the fraction of variants with trace E, and a decrease in the fraction of variants with trace G. This contradicts experimental results, implying again that shape magnetic anisotropy is not essential for the variant selection.
Next, we consider the influence of the magnetocrystalline anisotropy. The easy axis of magnetization in cementite is [001] θ . The angle θ 2 in Table 1 is the angle between the easy axis and the field direction (see Fig. 1(a) ). The magnetocrystalline anisotropy energy, E a increases with increasing θ 2 for 0° ≤ θ 2 ≤ 90° as E a = Ksin 2 θ 2 , where K is the anisotropy constant.
When the magnetic field is applied in the [111] α direction, the V1, V2, V3, V5, and V12 variants have higher magnetocrystalline anisotropy energy than other variants for θ 2 = 90°. With the exception of the V1 variant, the trace of these variants is B. Therefore, the decrease in the particles with trace B can be explained by magnetocrystalline anisotropy. When the magnetic field is applied in the [110] α direction, the V1 and V7 variants have the highest magnetocrystalline anisotropy energy for θ 2 = 90°. The trace of these variants is E. Whereas, the V4 and V10 variants have the lowest magnetocrystalline anisotropy energy for θ 2 = 0°. The trace of these variants is G. Therefore, the decrease in trace E and increase in trace G after the application of a magnetic field can be explained by magnetocrystalline anisotropy.
From the above discussion, we conclude that the fraction of variants of cementite is essentially influenced by magnetic fields through magnetocrystalline anisotropy. However, in the present study, the experiments were only done at 473 K. If the precipitation is done at elevated temperatures, different results could be obtained since the magnetocrystalline anisotropy energy is generally temperature dependent.
Incidentally, we notice in Figs. 3(c) and 4(c) that the total amount of precipitate decreases after the application of a magnetic field. There are two possible reasons for this behavior. One is a change in the nucleation ratio of cementite caused by the application of a magnetic field. The other is a change in the solubility of carbon in ferrite caused by the application of a magnetic field. A systematic study is necessary to address these problems.
Conclusion
We found that cementites preferentially precipitate in specific directions from a carbon-supersaturated ferrite by applying a high magnetic field of 7 T. It means that the precipitation of cementite from carbon-supersaturated ferrites is able to be controlled by external magnetic fields which are easily achieved by commercial superconducting magnets.
